Abstract. An understanding of bedload transport processes is an essential research goal for better prediction of river morphology and morphodynamics as well as the transport and fate of sediment-bound materials in river systems. Passive tracer particles have been used widely to monitor bedload transport processes in rivers by measuring the spatiotemporal distribution of the bedload tracers. Here, we propose a numerical model for reproducing the transport of bedload tracers in river systems, more specifically, the behaviours of bedload tracers under the influence of complex river morphodynamics. A two-dimensional morphodynamic model is combined with a flux-based bedload tracer model with use of the active layer approach. The model is applied to a laboratory experiment that demonstrates the transport processes within the channel of bedload tracers supplied from the floodplain. The numerical model effectively reproduces the main features of the experiment, namely, the bedload tracers supplied from the floodplain due to bank erosion deposit onto sand bars developed within the channel. Because the sand bars cause a very long residence time of the bedload tracers within the bed, the transport speed of the tracers is slowed significantly under the influence of bar formation and channel migration.
Introduction
An understanding of bedload transport processes is essential for predicting river morphology and morphodynamics, as well as the transport and fate of sediment-bound materials such as pollutants and organic matter in river systems. Direct measurements of bedload transport processes are still quite difficult, especially at the field scale, but several novel attempts have been made in last few decades. One such challenge is the use of passive tracer particles, which do not affect bedload transport but are distinguishable from the ambient bedload particles [e.g., 1, 2] . Tracking marked bedload particles provide information useful for identifying the bedload transport characteristics, such as travel distance and residence time of bedload particles [e.g., 3] . Additionally, the spatiotemporal change of deployed bedload tracer particles is interpreted in terms of advection-dispersion, representing how fast and how far bedload sediment can be transported in river systems [e.g., 4]. However, some difficulties exist in monitoring the behaviours of bedload tracers, especially at long time scales, because some of the tracers are lost due to deep burial or escape the reach of interest.
Numerical modelling for tracking bedload tracer transport has been proposed [e.g., 5, 6, 7] and is a powerful tool for understanding river morphodynamics and substance dynamics. A numerical model can provide full information of spatiotemporal change of bedload tracers through a long time scale, which is generally difficult to obtain from measurement. However, application of such models to complex situations in rivers, such as under the effect of river morphodynamics, is still limited, even though river morphologies and their morphodynamics have important roles in large-scale bedload transport [8] .
In this study, we perform a numerical simulation of the bedload tracer transport associated with complex river morphodynamic processes. More specifically, we numerically simulate the behaviour of bedload tracers that are supplied from a floodplain due to bank erosion within a channel under the effects of sand bar formation and channel migration. The numerical result is validated qualitatively with a laboratory experiment [9] , and we show how the complex bed morphodynamics affect the bedload tracer transport.
Numerical model
The numerical model that we used in this study consists of a hydrodynamic module, morphodynamic module, and tracer transport module. A two-dimensional, unsteady, shallow water flow model with Manning's roughness coefficient to determine the bed shear stress is used to calculate the flow field, and an equilibrium-type bedload transport model is applied. A simple slope collapse model based on the angle of repose is incorporated into the morphodynamic model to include the effect of bank erosion. The governing equations are discretised on the staggered grid system, and the discretised equation is essentially solved by finite difference scheme. A splitting technique is used to numerically solve the momentum equation of flow. We use CIP method to solve the advection term of the momentum equation of flow. Detailed explanation and applications of this morphodynamic model can be found in the literature [10, 11] . The morphodynamic model used here is generally sufficient for resolving the complexity of river morphodynamics, namely, sand bar formation, bank erosion, and channel migration, on which we focus in this study.
Despite a number of applications of this type of morphodynamic model to river morphodynamics [12] , few attempts have been made to incorporate a bedload tracer model into the morphodynamic model. Nevertheless, it is well known that river morphologies and their dynamics have remarkable effects on the transport of bedload tracers [8] and thus have important implications for the transport and fate of sediment-bound substrates (e.g., pollutants, organic matter, etc.) [13, 14] . A numerical morphodynamic model including a bedload tracer model will be able to contribute to understanding the interactions of river morphodynamics and bedload transport. Here, we use a flux-type bedload tracer transport model with the active layer approach to track and store the tracer distribution in the river bed. In the flux-based bedload transport model, the bed evolution is calculated by the Exner equation as follows:
where t is the time, (x, y) are the streamwise and spanwise coordinates,  is the bed elevation, p is the porosity of the bed, and (qbx, qby) are the bedload transport rate in the x and y directions. The bedload transport rate is calculated by an equilibrium type bedload transport formula [15] , which uses the local bed shear stress as a controlling factor on the transport rate. By using the active layer model [16] , we also can obtain the flux-based bedload tracer transport model [e.g., 5] as follows:
where La is the thickness of the active layer, fa is the fraction of bedload tracers in the active layer, and fI is the fraction of bedload tracers between the active layer and the substrate, which is dependent on the bed evolution (i.e., aggradation or degradation) as follows:
where ft is the fraction of bedload tracers in the substrate layer. For solving the Eq. (2), 5 th order WENO scheme is used to reduce the numerical diffusion of tracers. In essence, since the model treats the sediment as uniform sediment, tracer transport model derived from the active layer approach has no effect on the bed morphodynamics. Instead, the tracer model obtains some information regarding the transport processes of bedload particles, namely, how the bedload is transporting in the calculation [e.g., 17].
The flux-based model for tracking the transport of bedload tracers has a limitation in capturing particle-scale bedload dispersions (e.g., streamwise dispersion [18] , cross-stream dispersion [19] , and vertical dispersion [20] ) because stochastic characteristics of bedload motion are not considered at all in this framework. On the other hand, when bed evolution processes (e.g., channel formation, sand bar development, and bedform development) have dominant roles in the transport and dispersion of bedload tracers, the flux-based model is able to capture the large-scale tracer dispersion [17] . This is the case because the bed morphodynamics themselves have some stochastic effects (e.g., bar wavelength and height) on bedload transport. Therefore, if a numerical model with the use of the flux-based approach self-resolves the stochastic features of river morphodynamics, the flux-based model would be expected to be able to obtain a reasonable performance for the bedload tracer transport.
Results
The numerical model explained above was applied to a laboratory scale experiment regarding the bedload tracer transport associated with sand bar formation, bank erosion, and channel migration [9] to understand the model performance. Here, we briefly introduce the experimental setup and the main findings of the experiment. Figure 1 shows the initial geometry of the channel and floodplain as well as the location of the initially deployed marked sediment tracers in the experiment. The length of the flume was 25 m, and the total width of the flume was 3 m. A straight channel (width of 0.5 m and bank height of 0.04 m) was set within the flume, and the coloured tracer particles were installed in a portion of the floodplain. The initial slope of the channel and floodplain was set to 0.01, and uniform sediment with a grain size of 0.76 mm was used. A steady water discharge of 2.76 l/s and an equilibrium bedload transport rate were provided from the upstream end. The initial water depth within the initial channel is approximately 1.4 cm, resulting in the Froude number of 1.2. The bed and floodplain morphodynamics as well as the subsequent tracer behaviour were recorded using a digital camera. Experimental results of bed evolution and distribution of marked bedload tracers. a) Top view of the reach of interest and location of initially deployed coloured sediment (tracers), and b) planimetric tracer distribution emphasised by using a black light [9] . This is a snapshot taken after 4 hours of experimental run. Figure 2 shows the morphological changes of the bed surface and the associated bedload tracer distribution observed in the experiment. In the early stage of the experiment, alternate bars formed in the initial channel. The alternate bars subsequently caused erosion of the floodplain, resulting in the formation of a meandering channel. When this meandering channel was amplified enough to erode the tracer sediment deployed on the floodplain, the bedload tracers were supplied into the channel region. As shown in Fig. 2 , the supplied bedload tracers were deposited onto large sand bars developed within the channel and so were not transported long distances downstream. This suggests that for the short time scale, large sand bars developed in the channel store most of the sediment supplied from the flood- plain due to bank erosion. By tracking the transport behaviours of the tracer, we can clearly understand the relationships between sediment transport and bed morphodynamics.
We then numerically reproduced the observed bed morphodynamic features and tracer transport behaviours described above using the proposed morphodynamic and tracer transport model. The numerical conditions were set to mimic the experimental conditions. The initial bathymetry was obtained using the measured bed and floodplain geometry after 1 hour of experimental run. The initial bed and tracer distribution given in the numerical simulation are shown in Fig. 3a . The size of the computational grid was set to 2.5 cm for both the x and y directions. The active layer thickness was set as twice the sediment grain size, and the thickness of substrate layers was set as 1 cm. Although the morphodynamic model that we used in this study could sufficiently capture the main features of sand bar formation and channel evolution observed in the experiment, it was still difficult to reproduce the exact bed and channel morphologies observed in the experiment. This is in part attributable to the uncertainty of the bed and channel morphodynamics, as well as to the use of a simple bank erosion model. This constrains the model validation to the qualitative level; however, as we show below, the model was able to capture the overall tendencies of the morphological changes of bed and channel as well as the behaviours of the bedload tracers. Figure 3 shows time series of the simulated morphological changes of bed and channel and the fraction of bedload tracers in the active layer. In the early stage of the simulation (Fig.  3b) , alternate bars develop within the main channel, causing the development of a meandering channel. This development of meandering widens the channel region, and the meandering channel eventually reaches the tracer sediment that was initially installed in the floodplain (Fig. 3c) . As discussed above, the tracer sediment supplied from the floodplain due to bank erosion only deposits onto scroll bars developed in the channel. Because the sand bars capture a large amount of the tracer sediment, the bedload tracers can travel only a short distance, which can be scaled by the length of the bars. The comparison between the experimental result (Fig. 2b) and the simulated bed geometry and bedload tracer distribution (Fig. 3d) suggests that the proposed model can qualitatively reproduce the main features of bed morphodynamics and associated tracer transport.
The experiment focused on relatively short time (i.e., initial meandering development) morphological change of bed morphodynamics and associated tracer transport. However, further long-term computation can provide additional insight into the long-term bedload tracer behaviour caused by the complex bed and channel morphodynamics. Figure 3f shows the simulated bedload tracer distribution resulting from long-term bed and channel morphodynamics. The dominant bed morphology in this stage is multiple bars, rather than the alternate bars and meandering channel observed in the early stage of the calculation (Fig.  3b-d) . Despite this significant change of bed morphology, the bedload tracers once stored in sand bar hardly transport downstream. For transport of such deposited bedload tracers to occur, the sand bars capturing the tracers need to be eroded by active bed morphodynamics. Such re-entrained bedload tracers will be captured again by sand bars developed in the downstream reach and will reside for a long time on the bed. This numerical result suggests that the time scale of bedload tracer transport in this situation is strongly governed by the bed and channel morphodynamics. The active sand bar development and the channel migration strongly reduced the advection speed of the bedload tracers toward the downstream reach. This occurred because the active morphodynamic processes stored the tracer particles in the substrate, resulting in a very long residence time of tracer particles.
Conclusions
In this study, we performed a numerical simulation of the transport processes of bedload tracers strongly influenced by complex river morphodynamics, i.e., sand bar formation, bank erosion, and channel migration. We first described a model framework based on a flux-based model for pursuing river morphodynamics and bedload tracer transport [17] . The model was tested with a laboratory experiment [9] that focused on the effects of river morphodynamics on the bedload tracer transport. The model could reasonably capture the main features of the bed morphodynamics and the bedload tracer behaviour observed in the experiment, namely, bedload tracers supplied from the floodplain due to bank erosion only deposited onto scroll bar. Further long-term computation suggested that the active bed and channel morphodynamics have dominant effects on the long-term bedload transport processes, namely, very slow downstream transport velocity due to long residence time of bedload tracers within sand bars.
The proposed model may be a potential tool for understanding and predicting the transport and fate of bedload tracers associated with such complex river morphodynamics. However, bedload transport mechanics not taken into account in the proposed model may also have important effects on tracer transport processes. For instance, inclusion of the effect of particle-scale bedload dispersion [18, 19, 20] might be of value for further research. In addition, detailed measurements of the spatiotemporal distribution of bedload tracers at small and field scales will be necessary for a more detailed validation of the numerical model.
